



















Is dark matter present in NGC4736?
An iterative spectral method for finding mass distribution in spiral galaxies
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We present Iterative Spectral Method of reconstructing mass distribution in spiral galaxies in an
infinitely thin axial symmetric disk approximation. The method, without extra assumptions and
free parameters, overcomes all problems encountered in standard use of disk model and utilises only
information that is available observationally.
As an example we apply the method to the ringed Sab-type galaxy NGC4736 that breaks sphericity
condition at larger radii. We find mass distribution in NGC4736 that agrees perfectly with its
high resolution rotation curve (high resolution, however, is not a must in our method). Given the
distribution one finds rotational velocity which is the same as the observed rotation curve (!). The
obtained surface mass density is consistent with the I-band luminosity profile (M/LI=1.2 in Solar
units) and with the amount of hydrogen observed in outermost regions where rotation curve is not
measured.
In the framework of Newtonian gravitation, these findings put in question the presence of massive
dark halo in this particular galaxy (normally estimated to 2.3 of visible mass: Kent, S. M. 1987,
Astron.J., 93(4), 816). Interestingly, we find total mass of the galaxy to be 3.42× 1010M⊙ which is
comparable with masses obtained in MOND model or in metric skew-tensor gravity.
PACS numbers:
I. PRELIMINARY NOTES
Inﬁnitely thin disk model of spiral galaxies [1, 2] seems
well established at least for small radii – apart from the
disk component (D) that is always present, the inner
bulge (B) with an assumed proﬁle is projected onto the
galaxy plane [3]. The problem of determining inner mass
distribution is reduced therefore to ﬁnding in the galaxy
plain the resultant surface mass density from which mass
density in B and in D are reconstructed that account
for luminosity proﬁles [3]. According to [3] masses of B
and D in galaxy NGC 4736 amount to 12% and 20% of
total mass, respectively, while almost 70% of total mass
reside in spherical dark halo of the galaxy at larger radii.
As so, total mass distribution may be considered almost
spherical at large radii, thus Kent’s ﬁt to rotation curve
should satisfy the inequality
v2(ρ1)ρ1 ≤ v2(ρ2)ρ2, ρ1 ≤ ρ2,
and this is really the case, cf. ﬁgure 1 which was taken
from [3]. In our opinion, however, the ﬁt is not satis-
factory at larger radii, although it is surely the best one
from the point of view of the assumed mass model.
Interestingly, we ﬁnd that the inequality is broken by
the observed rotation curve, cf. ﬁgure 2, in the region
ρ & 6[kpc] disk component cannot be neglected – the
galaxy cannot be dominated there merely by spherical
mass distribution. This is the reason why we shall be
using disk component also for larger radii (spherical hallo,
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if required, can always be reproduced from some fraction
of the global ﬂat distribution).
Note, that global disk model have already been used
in literature [4] but in a way that overestimated density
proﬁle at larger radii (an improved but still unsatisfac-
tory approach was presented recently [9]). For example,
density proﬁle of galaxy NGC4736 could be reliably de-
termined in [4] out to radius less than 6[kpc] only, while
rotation curve is known out to 10.38[kpc] and matter
is observed out to ≈ 16[kpc]. But even in this 6[kpc]
interval, as we shall see, it diﬀers much from mass dis-
tribution from which observable rotation curve can be
reconstructed accurately. In the limit of small radii both
the distributions must agree, of course (this is a conse-
quence of cutoﬀ error analysis in disk models which is
beyond the scope of the current paper). In the next sec-
tion we shall ﬁnd the satisfactory mass distribution by
iterations. In addition, to have a complete set of data,
apart from rotation curve we use also information about
surface density proﬁle in remote regions where rotation
curve is not measured and where neutral hydrogen can
be still observed. In this way we shall obtain a global
ﬂat mass distribution that will account for observations
perfectly.
II. APPLICATION OF ITERATIVE SPECTRAL
METHOD TO GALAXY NGC4736
1. Data we use
High resolution rotation curve vex(ρ) of galaxy NGC
4736 was taken from [5] which is the same as the one
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FIG. 1: This is original figure taken from paper by S. Kent
[3]. It shows observed rotation curve (pluses) of galaxy NGC
4736 and the best-fitting solution (solid line). Rotation curve
is shown out to 6′ which corresponds to 10.47[kpc] – the Au-
thor assumed distance to the galaxy D = 6.0[Mpc]. Cur-
rently, the distance is estimated to 5.1[Mpc] (rotation curve
is now measured out to 7′ [4] which gives 10.38[kpc]). The
separate contributions of the central bulge, disk and halo are
shown, respectively, by short-long-dashed, short-dashed and
long-dashed lines. Note, that the best fitting curve is not
satisfactory close to the end of rotation curve – in the most
crucial for total mass assessment region. Rotational velocity
at 10.47[kpc] is overestimated by ≈ 1.2, thus one should ex-
pect rather ≈ 5.9× 1010M⊙/(1.2)
2 = 4.1 × 1010M⊙ for total
mass, not 5.9 × 1010M⊙ as found in [3]. By re-scaling this
to distance 5.1[Mpc] we obtain ≈ 3.5 × 1010M⊙ (dynamical
mass scales as Rv2R, where R and vR are characteristic length
and velocity). This is close to total mass of the galaxy we find
in the current paper, by integrating surface mass distribution
that perfectly reconstructs high resolution rotation curve of
the galaxy. This observation shows, that rotation curve mod-
elling similar to [3] are not only subject to high errors [3] and
arbitrariness in choosing fitting algorithm, but may also over-
estimate much the amount of dark matter in (at least some
kinds of) spiral galaxies.
available from internet site of Y. Sofue [13] (we stress,
however, high resolution is not a must in our method).
It was measured out to 7′ which corresponds to ra-
dius R = 10.38[kpc] (we assume distance to the galaxy
D = 5.1[Mpc] and inclination angle i = 35◦ as in [4, 5]).
We deﬁne vR = vex(R) = 125.6[km/s]. Rotational veloc-
ity is measured with the maximum error δv = ±11[km/s]
(attained at ρ = 5′), and average velocity is 168[km/s],
thus, total mass should be determinable with the accu-
racy better than ≈ 10%. We use also 50′′ resolution
neutral hydrogen surface density published in [7] which
not much diﬀers from [6]. X-band surface brightness λX ,






















FIG. 2: Negative sphericity test for spiral galaxy NGC4736.







j ), 1} : ri < rj
˜
. F > 1 means breaking
sphericity condition. This supports the hypothesis that disk
component in the galaxy can not be neglected even out to dis-
tances close to the end of rotation curve. This indicates that
for large radii a disk-like component should be still present
and cannot be dominated by a spherical mass distribution.





taken from [8], and
absolute magnitudes for the Sun of MI,⊙ = 4.19 [14],
MV,⊙ = 4.83 [4], MB,⊙ = 5.43 [15].
A. Step 1
A ﬁrst order interpolating function u2(x) =
v2ex(Rx)/v
2
R was obtained from experimental rotation
curve vex(ρ), cf. ﬁgure 3, to calculate spectral coeﬃ-
cients σk from integral (A6) (spectral coeﬃcients µk fall
oﬀ quickly to zero, eg. µ1/µ126 ≈ 10−5). The corre-
sponding (underestimated) surface mass density σ0(ρ)
was calculated from (A8). We set σ1(ρ) = σ0(ρ) for
ρ < ρ1, σ1(ρ) = σH(ρ) for ρ1 < ρ < RH and σ1(ρ) = 0
elsewhere, where σH(ρ) is azimuthally averaged neutral
hydrogen surface density taken from [7] (inclination was
corrected from 40◦ to 35◦) and ρ1 is the smallest radius
such that σ0(ρ1) = σH(ρ1), and RH = 16.06[kpc] is the
radius where observed σH(ρ) ends, cf. line ’σ1’ in ﬁgure
4. Integrated mass of σ1(ρ) isM1 ≈ 3.148×1010M⊙, and
should not diﬀer from total massMTOT more than by 0 <
MTOT −M1 < δM1, where δM1 < 2Rvex(R)Max|vex −
v1|/G ≈ 5.1× 109M⊙ ≈ 0.16M1.
By substituting σ1(ρ) to integral (A4) we obtain the
corresponding ﬁrst approximation v1(ρ) to rotation curve
vex(ρ). As is seen in ﬁgure 5, (cf. line v1) v1(ρ) agrees
with vex(ρ) very well for small radii, where σ1(ρ) is trust-
worthy, however, there is still a discrepancy for greater
radii to be removed in next iteration steps.


















FIG. 3: Observed rotation curve of galaxy NGC4736 (cir-
cles) and rotation curve (solid thick line v4) corresponding to
surface mass density profile σ4(ρ) (shown in figure 6) found
in the fourth iteration. The rotation curve was calculated
from equation A4. Solid thin line vk is the corresponding Ke-
plerian asymptote
p
GMTOT /ρ with integrated mass of the
galaxy MTOT ≈ 3.42 × 10
10M⊙. Solid thin line vm is the
rotational velocity
p
GMTOTm(ρ)/ρ corresponding to (nor-
malised) mass function m(ρ) of the galaxy shown in figure
7.

















FIG. 4: Surface mass density of galaxy NGC4736 obtained in
consecutive iterations σ1, σ2, σ3 and σ4 yielding the respective
approximations v1, v2, v3, v4 of observed rotation curve, cf.
figure 5; and surface mass density of HI (σH – solid circles).
Whole σ4 is shown in figure 6.
















  NGC 4736
FIG. 5: Rotation curves obtained in 3 consecutive steps of
iteration – the thick solid lines v1, v2 and v3. The thin solid
line v4 is rotation curve obtained in the fourth step. Note
that even in the third iteration we obtain mass distribution
of which rotation curve almost perfectly agrees with observed
rotation curve (experimental points are indicated by circles).
Whole rotation curve v4 is shown in figure 3.
B. Step 2
Now we shall ﬁnd a correction δσ1(ρ) to σ1(ρ), ρ < R,
to obtain even better reconstruction of vex(ρ). In this
respect we deﬁne δv21(ρ) = v
2
ex(ρ) − v21(ρ), ρ < R. The
δσ1(ρ) is the source of the correction δv
2
1(ρ) and, similarly
as σ1(ρ) from vex(ρ), it can be found from (A8), but now





stands for u2(x). To determine the corresponding spec-
tral coeﬃcients of (A8), it suﬃced here to ﬁnd the best
ﬁt to a ﬁrst order interpolation of δv21(ρ) by the least
square method. It is known from the theory of gener-
alised Fourier series [12] that in the theoretical limit of
inﬁnite number of terms in the sum (A8), σk’s determined
by the least square method would be equal to numbers
σk’s from equation (A6).
Having found δσ1, the corrected surface density in the
second approximation σ2(ρ) is obtained by adding δσ1
to σ1(ρ), with the reservation we set σ2(ρ) = σH(ρ)
for ρ > ρ2, where ρ2 is the smallest radius such that
σ2(ρ2) = σH(ρ2), cf. ’σ2’ line in ﬁgure 4. Again, the
corresponding rotation curve v2(ρ) can be found by sub-
stituting σ2(ρ) to (A4). This time, the original rotation
curve vex(ρ) is reconstructed almost perfectly, cf. ’v2’
line in ﬁgure 5, but it must be corrected a little bit yet in
the vicinity of R (Max (1− v2/vex) ≈ 0.02). The corre-
sponding mass isM2 = 3.378×1010M⊙. Again, this mass
is underestimated, butMTOT−M2 < δM2, where δM2 <
2Rvex(R)Max|vex − v2|/G ≈ 1.3× 109M⊙ ≈ 0.04M2.



























FIG. 6: Surface mass density profile of galaxy NGC4736 found
in the fourth iteration (thick solid line σ4). Measured points
of the observed 50′′ resolution density profile of hydrogen HI
in the galaxy [7] are shown by solid circles. One can check,
by using integral A4 that this mass distribution leads to ro-
tational velocity that agrees perfectly with the observed rota-
tion curve of the galaxy, cf. curve v4 in figure 3. To compare
with our results we show also the surface mass density of the
galaxy found (out to 6[kpc]) in [4] (the thin dotted line s).
In this figure we show also luminosity profiles of the galaxy
taken from [8] (we assume inclination angle 35◦), respectively,
they are: B-band luminosity (dotted triangles), V -band lumi-
nosity (dotted squares) and most important for testing mass
distribution the brightest I-band luminosity (dotted circles).
C. Step 3 and 4
In the third step, analogously as before, we calculate
δv22(ρ) then σ3(ρ), cf. ’σ3’ line in ﬁgure 4, to obtain
v3(ρ), cf. ’v3’ line in ﬁgure 5. Integrated mass of σ3(ρ) is
M3 = 3.417×1010M⊙ and δM3 ≈ 4.5×108M⊙ ≈ 0.01M3.
The error has not been changed substantially compared
with δM2, so we do the last, fourth step. We obtain
σ4(ρ) and then v4(ρ) which are also shown in ﬁgures 6.
and 3, with mass M4 = 3.424× 1010. Thus total mass of
galaxy NGC4736 in the fourth approximation isMTOT =
3.42×1010M⊙ (this includes visible HI outside R out to
RH).
In ﬁgure 7 we show mass function M4(ρ)/MTOT
and compare it with the Keplerian mass function
v2ex(ρ)ρ/(GMTOT ) corresponding to rotation curve
vex(ρ).
D. Discussion
Reconstruction of mass distribution from rotation
curve is satisfactory and consistent with distribution of
HI outside R where rotation curve is not measured



















FIG. 7: Normalised (with respect to total mass MTOT =
3.42 × 1010M⊙) mass function of galaxy NGC 4736 (thick
solid line) compared with (similarly normalised) formal Kep-
lerian mass function m(ρ) (mV – thin solid line) defined as
ρv2(ρ)/(GMTOT ), where v(ρ) is the observed rotation curve.
but still 21cm observations are possible and the amount
of hydrogen can be determined. Total mass of HI is
MHI = 6.00 × 108M⊙ = 0.02MTOT , while outside R
there is only 0.19MHI or 0.004MTOT of HI.
Surface mass density of galaxy NGC 4736 in the fourth
iteration is shown in ﬁgure 6 (the ’σ4’ line). The corre-
sponding rotation curve can be calculated in any point
from equation A4 and agrees perfectly with experimen-
tal rotation curve. In ﬁgure 3 are shown also the Kep-
lerian asymptote corresponding to MTOT , and rotation
curve
√
M4(ρ)G/ρ that would correspond to spherical
mass distribution with mass function M4(ρ).
As is seen in ﬁgure 6 surface mass density is also con-
sistent with infrared band surface luminosity. Note that
for the galaxy V and B band surface luminosities are
less than LI , cf. table I (LV ≈ 0.7LI and LB ≈ 0.5LI).
Moreover, this is the I-band (even brighter would be the
K-band) which most accurately maps the amount of ra-
diated energy (Sanders, personal communication); V and
B band are aﬀected by dust, moreover, radiation of low-
massive stars is illy mapped in the latter bands. Thus,
local mass to light ratio should be comparable with local
mass density to I-band surface luminosity ratio, and the
latter gives the upper bound for such a quantity. For
galaxy NGC 4736 global I-band mass to light ratio is
small M/LI ≈ 1.2, as well as, density to luminosity ra-
tio which is of the order of 1 — 2, cf. ﬁgure 8, and
falls-oﬀ at larger radii as one would expect. Also to-
tal galaxy mass is surprisingly small. It is comparable
with mass of the galaxy predicted in the framework of
MOND model which gives 3.21 ± 0.09 × 1010M⊙ or in
the framework of metric skew tensor gravity which gives
















FIG. 8: B-band (triangles), V -band (squares) and I-band
(circles) surface mass density to luminosity ratios for galaxy
NGC 4736 corresponding to mass distribution in the galaxy.
MTOT 3.42× 10
10M⊙
MHI 6.00 × 10
8M⊙ ⇒ 0.02MTOT
LI 2.87× 10
10LI,⊙ ⇒M/LI = 1.2
LV 2.14× 10
10LV,⊙ ⇒M/LV = 1.6
LB 1.54 × 10
10LB,⊙ ⇒M/LB = 2.2
TABLE I: Results we obtained with the help of Iterative spec-
tral method for spiral galaxy NGC 4736. (at D = 5.1[Mpc]
and inclination angle 35◦).
3.15±0.08×1010M⊙ [5] (the Authors obtain very poor ﬁt
to observations), while we obtainMTOT = 3.42×1010M⊙
for the same rotation curve in the framework of Newto-
nian physics.
Note that total mass of galaxy NGC4736 found in [3]
by standard rotation curve modelling (decomposition to
a central bulge and a disk implied by luminosity curve
splitting, and to a dark halo) is 5.0 × 1010M⊙ (in fact,
it was 5.9 × 1010M⊙, but we have corrected it to the
galaxy distance 5.1Mpc diﬀerent from 6.0Mpc assumed
in that paper). This high value was due to overestimation
of isothermal halo component in ﬁnding best ﬁt of the
three component model to observations – the predicted
rotational velocity was overestimated at larger radii by a
factor 1.2 with respect to the observed, hence total mass
by 1.5 as spherical component prevailed, cf. ﬁgure 1.
Note, that 5.0 × 1010M⊙/1.5 ≈ 3.3 × 1010M⊙ which is
close to M4.
III. CONCLUSIONS
Rotation of spiral galaxy NGC 4736 can be fully under-
stood in the framework of Newtonian physics. We have
found mass distribution that concords perfectly with its
high-resolution rotation curve (high resolution, however,
is not a must in our method). What is more, matter dis-
tribution we have derived agrees with I-band luminosity
distribution (in the sense it gives a small mass-to-light
ratio) and even with the amount of neutral hydrogen ob-
served in the remote part of the galaxy where rotation
curve is not measured. One should expext the ratio be
even lower in the K-band. Remarkably, we have achieved
this consistency for the particular galaxy without the hy-
pothesis of massive dark matter halo and without modi-
fying gravitation.
In our opinion, one should model mass distribution in
spiral galaxies with more care, classical modelling of rota-
tion curves (usually based on the ad hoc constant mass to
light ratio assumption) not always gives good results and
constrains models too much giving little chance of ﬁtting
well to observations. As we have shown, spiral galaxies
are not always wholly dominated by spherical mass dis-
tribution at larger radii, and most importantly, this is
the region where rotation curve should be reconstructed
accurately in order not to overestimate the required mass
distribution too much. For a given rotation curve a sim-
ple way for deciding whether or not a disk component
may be neglected at large radii is by applying sphericity
test or by examining Keplerian mass function.
Our method overcame all problems connected with
characteristic for ﬂattened mass distributions data cutoﬀ
errors encountered in paper [4], where global disk model
was also used but in a way that due to the errors overes-
timated mass density at larger radii.
It would be interesting to examine other spiral galaxies
in a manner similar to that we presented in this paper
(we have found primarily that total mass of other spi-
ral galaxies can also be reduced). In particular, most
instructive would be to examine galaxies for which ad-
ditional information about mass distribution indepen-
dently of rotation curves exist.
APPENDIX A: EQUATIONS WE USE
We denote by R in cylindrical coordinates (ρ, φ, z) the
radius out to which a rotation curve v(ρ) is measured, we
deﬁne also vR = v(R). Together with Newton’s constant
G these characteristic quantities provide a complete set
of physical units in our problem, for example, rotational
velocity v(ρ) may be described by a dimensionless func-
tion u(x) = v(xR)/vR where x = ρ/R. Under cylindrical
symmetry it is convenient to use Fourier-Bessel trans-
forms. In particular, surface mass density σ(ρ) in the





















It is straightforward to show that outside the z = 0 plane
(vacuum) gravitational potential is given by





















For circular and concentric orbits in a galactic disk we
have v2(ρ) = ρ∂ρΦ(ρ, 0) for all ρ. Thus the unknown
spectral amplitude σˆ, and hence surface mass distribu-
tion, can be found directly from v(ρ). Indeed, by using











By using the identities ω−1∂x (xJ1(ωx)) = xJ0(ωx) [11],∫∞
0 dωJ1(ωξ)J1(ωx) = (2/pi) [K (ξ/x)− E (ξ/x)] ξ−1 for
0 < ξ < x or (2/pi) (K (x/ξ)− E (x/ξ)) x−1 for 0 < x < ξ
[10], one can easily show that
































We shall be using the equation later on many times. The
poles χ = ρ dominate logarythmic divergence of ellip-
tic function K, thus the principal value integral is easily
tractable numerically, and can be calculated with high
accuracy[16].
1. Utilizing data from a compact support of
rotation curve
A function u2(x)/x is deﬁned in the unit interval x ∈
(0, 1) and attains 1 at x = 1. Under some assumptions
the function can be represented in the interval as a series
of orthogonal functions. Although we may choose any
complete set of such functions, most appropriate here
are cylindric functions. If u2(x)/
√
x is integrable in the
interval x ∈ (0, 1) then u2(x)/x can be represented in the





k σkJ1 (ωkx) ,
0 < x < 1, J0(ωk) = 0, ωk > 0. (A5)
The summation is over all consecutive zeros ωk > 0 of
the Bessel function J0(x). By multiplying both sides by













It is a matter of approximation how the partial informa-
tion about distribution of mass encoded in σk’s is being
used to approximate reality by constructing a particular
σ˜(ω) (the information is partial as v(ρ) is unknown for
ρ > R) . Diﬀerent choices correspond to diﬀerent extrap-
olations of rotation curve beyond R. To give an exam-
ple, assume that v(ρ) = vR/2 at ρ = R and v(ρ) = 0 for










(it is continuous as J0(ω) ≈ J1(ωk)(ωk − ω) when ω ≈
ωk).
In practice, however, more convenient are discrete
spectra. For example, by extending formally (A5) to re-










This gives global mass distribution composed of R-wide









σkJ0 (ωkx) , x =
ρ
R
, ρ < R.
(A8)
7This series almost perfectly reconstructs mass distribu-
tion (usually for ρ < 0.6R) in analytical examples in
which rotation curves were deliberately cut oﬀ at some
ρ = R. Close to and beyond R such reconstructed σ is
not trustworthy and may be even negative. Anyway, one
can put σ = 0 there in a ﬁrst approximation, then cal-
culate the resulting rotation curve, ’subtract’ it from the
original one, generate the resulting correction to σ and
so on, by iterations. As no information about rotation
curve is available for ρ > R (the inﬂuence is absent un-
der spherical symmetry) the ﬁnal σ will not be exactly
the same as true mass distribution for ρ < R. Note,
however that if in addition to knowing rotation curve for
ρ < R also mass distribution is known for ρ > R from
elsewhere, such problems can be solved completely by it-
erations. This feature can be used to ﬁnd internal mass
distribution in spiral galaxies for which disk component
can not be neglected at larger radii and for which addi-
tional information about mass distribution (e.g. neutral
hydrogen) beyond R is available.
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